Previous study and our laboratory have reported that short-wavelength (blue and green) light and combination stimulate broiler growth. However, short-wavelength stimuli could have negative effects on poultry husbandry workers. The present study was conducted to evaluate the effects of human-friendly yellow LED light, which is acceptable to humans and close to green light, on broiler growth. We also aimed to investigate the potential quantitative relationship between the wavelengths of light used for artificial illumination and growth parameters in broilers. After hatching, 360 female chicks ("Meihuang" were evenly divided into six lighting treatment groups: white LED strips (400-700 nm, WL); red LED strips (620 nm, RL); yellow LED strips (580 nm, YL); green LED strips (514 nm, GL); blue LED strips (455 nm, BL); and fluorescent strips (400-700 nm, FL). From 30 to 72 days of age, broilers reared under YL and GL were heavier than broilers treated with FL (P < 0.05). Broilers reared under YL obtained the similar growth parameters with the broilers reared under GL and BL (P > 0.05). Moreover, YL significantly improved feeding efficiency when compared with GL and BL at 45 and 60 days of age (P < 0.05). In addition, we found an age-dependent effect of light spectra on broiler growth and a quantitative relationship between LED light spectra (455 to 620 nm) and the live body weights of broilers. The wavelength of light (455 to 620 nm) was found to be negatively related (R 2 = 0.876) to live body weight at an early stage of development, whereas the wavelength of light (455 to 620 nm) was found to be positively correlated with live body weight (R 2 = 0.925) in older chickens. Our results demonstrated that human-friendly yellow LED light (YL), which is friendly to the human, can be applied to the broilers production.
Introduction
Colored artificial light has been reported to affect metabolic activity and improve productive performance in poultry for many years. Incandescent lamps [1] , fluorescent lamps [2] , ultraviolet (UV) light lamps [3] , commercial colored lamps [4] and filtered light [5] have been successfully used in poultry production. However, the results of studies of the effects of different light spectra on broiler growth have been inconsistent. Although green light has been reported to improve growth [2, [6] [7] [8] , mature female Japanese quail were found to have lower body weights when reared under green light or blue light compared with those reared under red light or white light emitted from an incandescent lamp [9] . Incandescent pink light was shown to decrease chicken hatching weights, while incandescent white light was found to increase chicken hatching weights [10] . Green light has been found to enhance early chick embryo growth, as did blue [11] and ultraviolet (UV) light [3] .
The inconsistencies in these results probably resulted from variability in the light sources [12] , intensities [13, 14] , and schedules [15] and from differences in the species, sexes and ages of the chickens studied [7] [8] [9] 16] . With the development of electronics and semiconductor science, monochromatic light produced by light-emitting diodes (LEDs) has been introduced as a new, alternative form of light that can be used in poultry husbandry and that can be used to eliminate some of these inconsistencies. An investigation using LEDs showed that broilers exposed to green light (560 nm) or blue light (480 nm) from LEDs obtained greater body weights [12] [17] . Previous study in our laboratory showed the combination of the pure green and blue LEDs also can affect the growth and physiology in broilers [18] . However, if green or blue LEDs were used in poultry husbandry, then poultry husbandry workers, who must feed or guard broilers or clean the areas in which broilers are housed, during the entire rearing period (as poultry production in developing countries, including China, is not automatic), may most likely feel very uncomfortable working under such light. It has been reported that short-wavelength light resulted in human health problem [19] [20] [21] [22] [23] [24] [25] [26] . Specially, stimulus with blue or green light could potentially have negative effects on poultry husbandry workers, including disrupted circadian rhythms, disrupted patterns of melatonin secretion, disturbed sleep, reduced alertness, and altered cognition and emotional responses [22, 24, [27] [28] [29] [30] [31] . However, these effects were not found when subjects were exposed to long-wavelength light [32] .
To reduce the potential hazards to poultry workers, human-friendly LED spectra should be introduced into poultry production. Wavelengths in the range of 570-600 nm are perceived as yellow by the human eye, and yellow light is acceptable to the human [33, 34] . It has also been reported that 560 nm green light promotes broiler growth [12, 17] . Thus, yellow LED lights that emits light at a wavelength of 580 nm, which is close to 560 nm and is pleasant to the human eye, were selected for this study, and we evaluated the effect of artificial light using 580-nm yellow LED lights on broiler growth. In addition, the quantitative relationship between lighting spectra and growth performance in broilers is poorly understood. The narrow band of light emitted by LEDs allows us to establish the potential quantitative relationships between specific wavelengths of light used for artificial illumination and growth parameters in broilers more accurately. Thus, the objectives of this study were first to evaluate the effect of humanfriendly yellow LED light (580 nm) on broiler growth and second to investigate the potential quantitative relationship between artificial lighting spectra and growth parameters in broilers.
Materials and Methods

Animals and housing
A total of 360 broiler chickens ("Meihuang"; age 1 day; mean body weight 30.5 g) were purchased from a commercial hatchery (Guangda Breeding Co. Ltd., Hangzhou, Zhejiang Province, China) and used in this study. The genetic performance of this medium-growing broiler strain is very stable, and it is certified by the China Agricultural Ministry as one of the two national gene pools of native broiler libraries [18] . On day 1, all chicks were randomly housed in six light-controlled rooms, with 60 birds per light treatment. Each room was divided into four equal-sized replicate pens, with 15 birds per pen. Each pen had its own independent light system and was covered with fluorescent fabrics to avoid light pollution from other sources. All birds were weighed individually at 30 days of age, and the average body mass was calculated immediately for each treatment. To maintain uniformity, 5 birds (such as heaviest, smallest and lame birds) were eliminated per treatment, and 10 broilers from each replicate without creating a deviation from the original average data (20 birds in two replicates of 10 birds from each light treatment group) were reared until the end of the experiment (72 d of age). All chicks had ad libitum access to food and water, and their diets were formulated to meet the nutrient recommendations for poultry (NRC, 1994) . The dry bulb temperature and relative humidity were measured once every day, using data loggers (TH602F, Anymetre Co. Ltd., China) to ensure that the temperature and relative humidity conditions were similar in all compartments. The average environmental temperature and relative humidity were 25.3°C and 67.5%, respectively. These conditions were maintained via an electric thermostat and a ventilator throughout the period of the experiment.
Experimental protocol
Upon arrival, each group of treated broilers was exposed to the following six lighting treatments: (1) a cell (replicate) equipped with two white LED strips (400-700 nm, WL group); (2) a cell (replicate) equipped with two red LED strips (620 nm, RL group); (3) a cell (replicate) equipped with two yellow LED strips (580 nm, YL group); (4) a cell (replicate) equipped with two green LED strips (514 nm, GL group); (5) a cell (replicate) equipped with two blue LED strips (455 nm, BL group); or (6) a cell (replicate) equipped with two fluorescent lamps (400-700 nm, FL group, as a control). Illumination was provided using LED strips (Langtuo Biological Technology Co. Ltd., China). Each group of LEDs was placed 75 cm above the broilers using plastic ties that were attached to the ceiling. The pulse width modulation (PWM) uses a driving current that is determined from the peak current, period of repetition, and pulse duty. The pulse duty is the ratio of ON time to the period that controls the average light intensity. Therefore, in this study, we used the PWM method to control the light intensity precisely and a radiometer (AR823, Digital Lux Meter Co. Ltd., China) to measure the intensity as our previous study [18] . In addition, the intensity was measured in each pen at 5 locations (the four corners and the center of the floor) to maintain a uniform intensity that was the same in each room. Typically, 15 lux is sufficient for the normal growth of chickens [35] . However, young chickens exposed to brighter light can more easily adapt to environments and find food and water. Thus, during the first three days (day 0 to day 3), the light intensity was maintained at a relatively brighter level (30 lux) in all rooms. Following this period, the light intensity was reduced to 15 lux. The lighting schedule was 23L:1D on the first day to allow the broilers adapt to the environment; the light duration was then reduced by 1 hour per day until the lighting schedule reached 16L:8D (on at 08:00 AM, off at 24:00 PM), which was maintained for the remaining days. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Animals of the Zhejiang University. The protocol was approved by the Committee on the Ethics of Animal Experiments of Zhejiang University.
Growth parameter measurements
Each of the light treated birds had similar initial body weights: 30.4 ± 0.2 (WL), 30.8 ± 0.3 g (RL), 30.2 ± 0.4 (YL), 30.6 ± 0.6 (GL), 30.6 ± 0.5 (BL) and 30.3 ± 0.3 (CFL). For each group, live body weights (g) were recorded at 30, 45, 60 and 72 d of age. Then the body weight gain was calculated. Daily feed consumption (g) was measured. Feed conversion ratio (FCR, g/g) will be calculated by dividing feed consumption with body weight gain and correct for mortality. Feed conversion ratio = (final period body weight − initial period body weight)/period food consumption. At the end of the trial (78 days of age), after being fasted for 12 h, 3 broilers of each replicate, for a total of 72 broilers, were selected randomly, killed by exsanguination, plucked, and eviscerated to measure the absolute weights of the edible viscera (heart, liver and muscle stomach) and drumstick (tibia and thigh). The tibia was measured on the back of the left shank, from the top of the back toe to the top of the shank. The thigh was from the top of the shank to the end of the drumstick. Comb heights (mm) were measured with a vinyl metric measuring tape as an indicator of developmental performance. Non-stressful conditions were provided on the slaughter line, and the birds were slaughtered using a slaughter funnel to prevent wing-flapping and stress during slaughter [17] . All procedures were approved by the Animal Care and Use Committee of Zhejiang University.
Statistical analysis
Data were analyzed using SPSS Statistical software (V. 20.). A factorial analysis of the data was conducted to analyze the effects of rooms and light treatments. Rooms were found not to have significant effects on any treated variables, and the results were retested via a one-way analysis of variance (ANOVA) . ANOVA was performed to analyze the effects of LED strips on the production performance of chickens. Homogeneity of variance was verified for each data set, and no data transformations were applied. When appropriate, post hoc comparisons were made using least significant differences. Data are presented as means ± SEMs. In every case, differences between groups were considered statistically significant if P < 0.05. The relationship between light wavelength and the body weight were also analyzed via regression analysis: linear regression models were applied, using SPSS software [36] .
Results
Live body weights
A significant increase in live body weight was observed in broilers reared under BL as early as 30 days of age compared with the WL and FL groups (P < 0.05; Table 1 ). At 45 days of age, broilers reared under GL had a higher live body weight compared with broilers from the WL Table 1 . Live body weights (LBW) and feed conversion ratio (FCR) of broilers reared under different qualities of light. Each group of treated broilers was exposed to either WL (white LED), RL (red LED), YL (yellow LED), GL (green LED), BL (blue LED) or FL (fluorescent lamp). Data are expressed as means ± SEMs (n = 4).
Item
Light and FL groups (P < 0.05; Table 1 ). By 60 days and 72 days of age, YL birds were heavier than those in the WL and FL groups (P < 0.05; Table 1 ). However, at these ages, no difference was found in live body weight between the WL and FL groups (P > 0.05). YL, GL and BL increased live body weight in contrast to broad-spectrum light (WL and FL), whereas no difference in live body weight was found between broilers exposed to RL and broilers exposed to WL or FL, suggesting that broiler growth may be suppressed by red light rather than enhanced by yellow, green or blue light (Table 1) .
Moreover, as shown in Fig 1, broilers treated with monochromatic light had faster growth rates than did broilers reared under broad-spectrum light. An increase in the relative cumulative growth rate was observed at 30 days of age in broilers reared under YL, GL and BL compared with the WL and FL groups. Moreover, YL caused a further improvement in growth rate between 60 and 72 days of age. In addition, a linear relationship was found between live body weight and light quality from the blue range through the red range (455 to 620 nm; Fig 2) . At an early time point (30 days), wavelengths in the range of 455 to 620 nm were found to have a negative linear relationship with live body weight (R 2 = 0.876), with a decrease of approximately 15.3 g live body weight for each 100 nm (live body weight at 30 days = -0.154 × wavelength + 460.1). However, although broilers reared under YL were slightly heavier than broilers reared under RL (0.102%), a positive linear relationship was observed between wavelengths 
Feed conversion
As broilers grew and developed, their feed consumption increased gradually. YL, GL and BL significantly improved feed efficiency compared with FL and RL treatments at both 45 and 60 days of age (P < 0.05; Table 1 ). Moreover, broilers reared under YL had greater feed efficiency than broilers reared under either GL or BL at these ages (P < 0.05). However, no differences in feed efficiency at 72 days of age were found among any of the groups (P > 0.05).
Weights of drumstick
GL significantly increased tibia weight compared to the WL and FL groups (P < 0.05), but no significant treatment effect was observed among the RL, YL, BL, WL and CFL groups (Table 2) . Similarly, GL significantly elevated thigh muscle weight compared to WL (P < 0.05), and no significant treatment effect was observed among the RL, YL, BL, WL and CFL groups ( Table 2 ). The tibia and thigh muscle weights were similar percentages of the live body weight. The drumstick is generally regarded as a good indicator of skeletal development, which is related to the amount of weight a chicken broiler can carry. As expected, as shown in Table 3 , the thigh weight of the drumstick was significantly (P < 0.05) and positively correlated with the tibia weight. Moreover, the thigh weight of the drumstick was significantly (P < 0.05) and The correlation was investigated between two parameters, each of which was generated from the values obtained in six different lighting groups. *P < 0.05. positively correlated with the final body weight of broilers, which indicated that light quality can affect the growth of chicken broilers by increasing thigh weight.
Weights of viscera
No significant difference was observed in weights of the viscera among all treatments (P > 0.05); no difference was observed in heart weight, liver weight or muscle stomach weight (Table 2) . However, analysis only based on values without ANOVA indicated that: YL resulted in a greater heart weight values than that of broilers in the WL group by 2.5%, in the BL group by 5.0%, in the CFL group by 10% and in the GL group by 12.5%. WL and CFL resulted in higher liver weights than did YL (3.8% and 1.3%, respectively), BL (4.8% and 2.2%, respectively) and GL (5.8% and 3.1%, respectively), whereas chickens reared under GL and BL achieved greater muscle stomach weights than did those reared in RL (1.4% and 2.4%, respectively) or YL (8.1% and 9.9%, respectively).
Comb growth
Light quality significantly influenced comb height, as shown in Table 2 . Broilers reared under monochromatic light (RL, YL, GL and BL) had significantly greater comb heights than did broilers reared under broad-spectrum light (WL; P < 0.05; Table 2 ). Moreover, chickens treated with RL had the highest comb height among all of the treatment groups. The growth of the comb among broilers exposed to WL was inhibited considerably (Table 2) .
Discussion
Poultry rely heavily on visual cues when judging what is safe to eat and drink [37] , and appropriate feeding behavior is facilitated by an innate predisposition to peck at small particles and flat shiny surfaces [38, 39] . Moreover, vision is probably the dominant sense in domestic poultry with respect to the majority of their behavior is mediated by vision. The results of the current study indicate that growth and development in broiler chickens are particularly affected by the light quality under which they are reared. In the present study, monochromatic light (455 to 620 nm) emitted from LED strips, especially human-friendly monochromatic yellow light, stimulated broiler growth compared to broad-spectrum light (WL and FL), as shown via measurements of live body weights, growth rates or feed efficiency. Thus, broilers reared under YL obtained the similar growth parameters with the broilers reared under GL and BL. Even, YL significantly improved feeding efficiency compared with GL and BL at 45 and 60 days of age. In addition, we observed that shorter-wavelength light (BL and GL) promoted growth during the early stages of development, whereas longer-wavelength light (YL) enhanced growth during the later stages of development. As stated in the Introduction section, the results of studies of the effects of different light spectra on broiler growth have been inconsistent. The differences between these results can most likely be attributed to variability in the light sources, the light schedules, or the animal species studied or to a confounding effect of light quality. Thus, monochromatic LED light sources of specific wavelengths were used in the present study to eliminate potential of variability in the results of previous studies. In the present study, we found a quantitative relationship between live body weight and light quality (wavelength) between 455 and 620 nm. The wavelength of light (455 to 620 nm) was found to be negatively related (R 2 = 0.876) to live body weight at an early stage of development, with a decrease of approximately 15.4 g live body weight for each 100 nm, whereas the wavelength of light (455 to 620 nm) was found to be positively related to live body weight (R 2 = 0.925) in older chickens, with an increase of approximately 16.4 g live body weight for each 100 nm change in the wavelength of light.
Taken together, the similarity in feed intake across the specific monochromatic LED light sources and the adverse effects of WL and FL on broiler growth suggest that feed conversion was more efficient in broilers exposed to YL, GL or BL. A previous study showed that while feed consumption by broilers was highest from feeders illuminated by green light compared with those illuminated by red or orange light, there were no differences among rooms when a single colored light was used within each room [40] . Behavioral tests have suggested that broilers reared in red or white light are more active, as indicated by more aggression activity than reared under white light and red light [41] . The behavioral responses to red and white light may therefore contribute to the inferior growth observed in broilers exposed to longer wavelengths of light compared with wavelengths shorter than 580 nm (YL, GL and BL). Moreover, broilers have been shown to prefer green or blue light to red or white light, and they are calmer under green and blue light, as well [41] . In addition, blue light could be used to reduce the activity levels of broilers [42] . Taken together, these results may explain the improved feeding efficiency observed in broilers reared under shorter wavelengths in this study.
No significant difference was observed in organ weights among all treatments, either in heart weight, liver weight or muscle stomach weight, suggesting that endocrine functions were minimally sensitive to light quality. In addition to the gonads, the growth of many organs, including the comb, which is a secondary sex characteristic, is highly regulated by sex hormones [43, 44] . Comb height was measured in this study as an indicator of chicken development. The present study suggested that monochromatic light increased comb growth and that broad-spectrum light inhibited comb growth. Moreover, RL significantly increased comb height compared with WL. This finding may be due to variation in the penetration efficiency of light at different wavelengths. For example, longer-wavelength light has been shown to reach the hypothalamus more easily than has shorter-wavelength light in ducks [45] and quail [46] . As a result, longer-wavelength light had a maximal effect on gonadal development [47] and thus on comb growth. However, it would be important to elucidate more fully the processes whereby photons are converted to neural signals by photochemical changes in and outside the retina, as many biological processes, such as growth, may depend on the functions of retinal or extra-retinal photoreceptors.
In conclusion, the present study demonstrates that broilers exposed to monochromatic LEDs light (455 to 620 nm) exhibited enhanced growth and development compared with broilers reared under broad-spectrum light (WL and FL). Moreover, our results demonstrated that yellow light significantly improved growth performance in broilers. First, monochromatic yellow light (580 nm) improved measures of broiler growth performance, including live body weight, growth rate and feed conversion rate, compared with light from white LEDs or from fluorescent lamps. In addition, broilers treated with yellow light obtained the similar growth parameters with the broilers reared under green and blue light. Monochromatic green or blue light has been reported to stimulate the growth compared with those reared under white light in both a previous study [12] . Many reports have confirmed that green and blue light may have negative effects on humans [26, 30, 34, 48] . The use of monochromatic yellow LED light, which is very acceptable to humans, in poultry production could effectively prevent the negative effects of green or blue light on husbandry workers. Thus, due to concern for the welfare of poultry husbandry workers, we suggest that yellow LED lights can be applied to the broilers production. In addition, because the effects of the wavelength of light on the growth of broilers were observed to be age-dependent, altering the light environment at different ages may result in additional improvement in broiler growth; e.g., broilers could be exposed to shorter wavelengths (blue and green) at early stages and to longer wavelengths (yellow and red light) at later stages. However, the effects of changes in the light environment on broiler growth remain to be determined and more investigations are still needed.
